Surface-enhanced Raman scattering ͑SERS͒ spectroelectrochemical investigations have been carried out in real time on the electrodeposition of copper from sulfuric acid solutions. Sulfate spectra were observed during copper deposition, but not on a copper surface at the same potential in the absence of copper ions in solution. This indicated that sulfate adsorption is a transient process associated with metal deposition. The sulfate band was blue shifted by 11 cm Ϫ1 from its position in spectra from copper͑II͒ sulfate or sulfuric acid solutions, and only the symmetrical stretching vibration band was observed. Chloride displaced sulfate when trace amounts of this halide were also present in solution. Nitrate ions were found to be specifically adsorbed on copper surfaces in nitric acid solutions. When copper ions were present at the interface, a nitrate stretch band, blue shifted by 14 cm Ϫ1 , was also observed and this is assigned to adsorption on freshly deposited copper. SERS investigations of copper electrodes in the presence of thiourea confirmed previously reported findings. Electrowinning is the most effective method for the large-scale production of pure, marketable metal in hydrometallurgical processes. Electrorefining constitutes the final polishing stage in pyrometallurgical processing. Metals such as zinc, copper, and lead, with low electrodeposition overpotentials, have a propensity to form coarse, rough deposits in such electrodeposition processes. This is due to the slow nucleation rates at low overpotentials, which compels the new metal to grow on few nuclei. To overcome this problem, various additives are included in the solution that adsorb on the metal surface, preferentially at the most active growth sites. Ideally, these additives should not become incorporated into the deposit to any significant extent, since this would diminish product quality.
Electrowinning is the most effective method for the large-scale production of pure, marketable metal in hydrometallurgical processes. Electrorefining constitutes the final polishing stage in pyrometallurgical processing. Metals such as zinc, copper, and lead, with low electrodeposition overpotentials, have a propensity to form coarse, rough deposits in such electrodeposition processes. This is due to the slow nucleation rates at low overpotentials, which compels the new metal to grow on few nuclei. To overcome this problem, various additives are included in the solution that adsorb on the metal surface, preferentially at the most active growth sites. Ideally, these additives should not become incorporated into the deposit to any significant extent, since this would diminish product quality.
Surface-enhanced Raman scattering ͑SERS͒ spectroscopy has been applied by a number of authors 1 to elucidate the interaction of the additive, thiourea, with copper and silver surfaces in sulfate-, acid-, and halide-containing solutions. In the absence of additives, Brown and Hope 2 found that sulfate, but not hydrogen sulfate, was adsorbed on copper from sulfuric acid solutions, even though hydrogen sulfate is the predominant anion in solution.
We have recently revisited the electrodeposition of copper from sulfuric acid media, taking advantage of the advances in sensitivity and capability of modern Raman spectrometers. The improvement in instrument performance allows real-time recording of spectra during potential excursions. The application of modern instrumentation has provided the means for detecting transient adsorption of sulfate and nitrate during copper electrodeposition.
Experimental
Raman spectra from electrode surfaces were obtained with a System 100 Renishaw Raman Spectrograph ͑Multi Channel Compact Raman Analyser͒ that has a rotary encoded grating stage, and an internal two stage Peltier cooled ͑Ϫ70°C͒ CCD detector. The spectral resolution was 5 cm Ϫ1 and the wavenumber resolution was 1 cm
Ϫ1
. The incident radiation was conveyed from a Renishaw HeNe laser of 633 nm excitation, through a fiber optic Raman probe.
The electrochemical cell was as described previously. 3 It was constructed of borosilicate glass with a flat window at one end. The working electrode was mounted on an assembly constructed from PTFE and was positioned close to the window. It follows the design devised by Fleischmann et al. 4 Copper electrodes of 6 mm diam were prepared from metal of 99.99% purity. The copper surface was electrochemically roughened prior to obtaining SERS spectra by oxidation-reduction cycling in 2 mol dm Ϫ3 H 2 SO 4 . 5 This procedure involved the application of 4-5 cycles between Ϫ0.3 and 0.7 V with a polarization period of ϳ30 s before reversing the polarity. Potentials were referred to an Ag-AgCl-KCl ͑saturated͒ reference electrode and converted to the standard hydrogen electrode ͑SHE͒ scale taking the potential of the reference to be 0.20 V on this scale. All potentials in this paper are presented on the SHE scale and were measured at 295 K.
Spectra were recorded for electrodes in solutions that were deoxygenated with 'high purity' nitrogen. The working electrode was held at a potential just above the hydrogen evolution potential to remove any surface oxides prior to Raman spectroelectrochemical experiments. SERS spectra were recorded in situ under potential control. In some experiments, spectra were recorded sequentially on a potential step or scan. Such investigations have been referred to as real time Raman. 6 With the Renishaw spectrometers, the Grams 32 and 3D software allows sequential spectra to be stored as separate files and viewed as a movie or 3D image.
Results and Discussion
A Raman spectrum obtained from CuSO 4 •5H 2 O is shown in Fig.  1 A typical spectrum from a copper surface in 1 mol dm Ϫ3 sulfuric acid at potentials in the region of stability of the metal is also shown in Fig. 1 . The spectrum displays bands of low intensity at the same wavenumbers as expected from the 1 mol dm Ϫ3 sulfuric acid electrolyte itself, and hence involves both sulfate and hydrogen sulfate species. This spectrum could have arisen from the solution in the roughened electrode surface or from adsorbed species.
When the potential of the copper electrode was taken into the dissolution region and then returned to the region of stability, either on a potential scan or a potential step function, SERS spectra were observed, a typical example of which is shown in Fig. 1 . This spectrum has a single band at 972 cm
Ϫ1
, which is assigned to a surface sulfate species.
The adsorbed sulfate spectrum disappeared over a period of a few minutes when the potential was held in the metal stability region. This is illustrated in Fig. 2 , the data for which were recorded as a multifile during a potential step. The potential was first held at Ϫ0.2 V in 1 mol dm Ϫ3 H 2 SO 4 and the first spectrum recorded. Spectra were then automatically recorded every 20 s. During the first 20 s period, the potential was stepped to 0.6 V, at which poten-tial copper will dissolve and, after 2 s, returned to Ϫ0.2 V. Figure 2 shows the appearance of a significant sulfate peak and the decrease in its intensity to a negligible value after ϳ4 min. This behavior indicates that the adsorbed sulfate is a transient species associated with copper being deposited.
The intensity of the sulfate band decays due to diminution of copper plating as copper͑II͒ ions are depleted in the vicinity of the electrode surface. The decline in intensity is not due to a change in focus of the Raman probe resulting from copper deposition because the spectrum did not diminish in intensity when copper sulfate was added to the 1 mol dm Ϫ3 sulfuric acid electrolyte ͑see Fig. 3͒ . The sulfate band appeared at all potentials in the Cu 0 stability region following an excursion to dissolution potentials or the addition of copper ions. It displayed only slight Stark tuning, being red-shifted by ϳ5 cm Ϫ1 V Ϫ1 between 0.1 and Ϫ0.5 V. It has also been shown 7 that sulfate ions co-adsorb during the underpotential deposition ͑UPD͒ of copper on platinum and gold and that it is sulfate and not hydrogen sulfate that is on the surface. 8 The structure and composition of copper ad-layers have been extensively studied by a variety of experimental techniques and it is well established that a honeycomb (ͱ3 ϫ ͱ3) phase is formed in the UPD of Cu on Au͑111͒ that consists of 2/3 monolayer of Cu and 1/3 monolayer of SO 4 . The copper is considered 9 to have a partial positive charge and this induces the adsorption of sulfate anions which themselves become partially discharged.
It is possible that the initial copper deposit formed on a copper substrate retains a partial charge analogous to that for UPD copper layers and, similarly, induces the co-adsorption of sulfate ions onto the surface. The subsequent discharge of the partially charged copper atoms would complete the electrode reaction and the surface layer would reconstruct to form the stable copper structure. The sulfate ions would then be desorbed.
The SERS spectrum displays only the symmetrical stretching vibration of sulfate; the antisymmetrical vibrations are suppressed. This would indicate that adsorption of the sulfate ion on the copper surface is such that only symmetrical vibrations are possible. This could be generated if each SO 4 is sited with three oxygen atoms close to surface copper atoms with the fourth vertically above the surface. The symmetrical stretching band is blue-shifted by ϳ11 cm Ϫ1 from the corresponding band from H 2 SO 4 or hydrated CuSO 4 . This could arise from bonding between the adsorbed sulfate and surface copper atoms.
Investigations were carried out on the influence of the presence of chloride ions on the SERS spectrum obtained for a copper electrode in sulfuric acid solutions containing copper͑II͒ sulfate. Figure  3 shows the spectrum ͑upper curve͒ when chloride was absent. The sulfate band at 972 cm Ϫ1 appears in this spectrum because copper is being plated. The bands at low wavenumbers arise from vibrations of the solvent, water. When 10 ppm chloride was added to such a solution, the sulfate band was diminished significantly and was absent at higher chloride concentrations. Figure 3 ͑lower curve͒ shows 
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the spectrum when the chloride concentration was 100 ppm. At this concentration, significantly enhanced intensity is apparent at 295 cm Ϫ1 due to vibrations associated with the adsorption of chloride on the copper surface. 10 Thus, the transient adsorbed sulfate ions are replaced by chloride ions in the growing copper electrodeposit.
Transient adsorption was also observed for copper electrodes in nitric acid solutions. The bottom spectrum in Fig. 4 shows a Raman spectrum from a concentrated solution of Cu͑NO 3 ) 2 in HNO 3 . The major feature is a band at 1050 cm Ϫ1 arising from the stretching vibration of the NO 3 group. The next spectrum in Fig. 4 is from a copper electrode held at 0 V in 0.1 mol dm Ϫ3 HNO 3 . It can be seen that there is a band at the same frequency and this suggests that nitrate ions are specifically adsorbed at the copper/electrolyte interface, because the nitrate ions did not generate observable Raman spectra when a solution of this concentration was investigated. In this regard, copper in nitric acid differs from that in sulfuric acid in which medium there was negligible specific adsorption of ions at a copper surface at equilibrium. When the nitric acid solution was made 2 ϫ 10 Ϫ2 mol dm Ϫ3 in Cu͑NO 3 ) 2 , a band at 1036 cm Ϫ1 is observed in addition to that at 1050 cm Ϫ1 ͑Fig. 4͒. This shifted band is also observed when the electrode was held at 0 V in 0.1 mol dm Ϫ3 HNO 3 in the absence of copper ions in the bulk solution following a potential pulse into the copper metal dissolution region. As shown in the next to the top curve in Fig. 4 , the shifted band disappeared over a few minutes when the potential was held at 0 V, i.e., in the metal stability region. This behavior is analogous to that for copper in sulfuric acid media and it is concluded that the shifted nitrate band is associated with freshly deposited copper metal and involves the attachment of the nitrate ion to the copper surface through the oxygen atoms, thus creating the C2v symmetry of the coordinating ion. The blue shift of 14 cm Ϫ1 is similar to that observed with sulfate ͑11 cm Ϫ1 ͒. The top spectrum in Fig. 4 is from a copper surface held at Ϫ0.2 V following a 30 s pulse to 0.6 V. Under these conditions, a significant concentration of copper ions is formed at the interface during the excursion to the positive potential, and now the band associated with nitrate adsorbed on the freshly deposited copper metal is the dominant feature.
A minor band at 823 cm Ϫ1 appeared in all spectra displaying the shifted nitrate stretch band at 1036 cm
Ϫ1
, but not in those in which it is absent. The relatively strong 823 cm Ϫ1 Raman band is attributable to the out of plane bend of nitrate, a vibration that is not Raman active for the uncoordinated nitrate. This Raman activity is consistent with monodentate ͑or bidentate͒ attachment of the nitrate to the surface. The addition of chloride at a concentration у10 ppm displaced the nitrate from freshly deposited copper surfaces. A band was still observed at 1050 cm
, the position corresponding to nitrate ions specifically adsorbed at the metal/electrolyte interface.
When thiourea is present in the sulfuric acid solution, SERS spectra from the organic species can readily be characterized. Hope and co-workers 2,10,11 noted that the adsorption of sulfate takes place together with thiourea on copper and concluded that adsorption was a cooperative rather than a competitive process, as the intensity of the sulfate bands as well as those of thiourea, increased with increase in thiourea concentration. Furthermore, the sulfate symmetrical stretch band was found to be significantly shifted from the corresponding band in thiourea-free solution.
Hope and co-workers, 12 characterized complexes formed between copper͑I͒, thiourea, and anions such as sulfate. They determined the crystal structure of the previously unknown ͓Cu 4 (tu) 7 ͔ ϫ (SO 4 ) 2 •H 2 O ͑where tu is thiourea͒ and the vibrational spectra of a range of copper ͑I͒ thiourea complexes. The copper atoms were found to lie in a tetrahedral arrangement forming ͓Cu 4 (tu) 7 ͔ 4ϩ clusters interlinked by sulfate ions, which strongly interact with thiourea ligands through hydrogen bonds. The bond lengths about the thiourea ligands indicated a decrease in the carbon-sulfur double-bond character, consistent with the coordination of thiourea with copper being through the sulfur atoms. The Raman bands in the sulfate complexes were found to appear at similar wavenumbers to those of the SERS bands for the species adsorbed on copper. The stretching vibration for Cu-S for these complexes was found to show a strong dependence on the copper coordination environment and the value observed in the SERS spectrum indicated that the coordination number for the Cu/thiourea species at the metal surface is relatively low. This is what is to be expected for a surface analogue of a copper͑I͒ thiourea sulfate complex.
These findings have now been confirmed using modern Raman instrumentation. A SERS spectrum from a copper electrode in 5 ppm thiourea, 1 mol dm Ϫ3 H 2 SO 4 recorded at 0 V following a 10 s potential pulse to 0.3 V is shown in Fig. 5 , together with Raman spectra from ͓Cu 4 (tu) 7 ͔(SO 4 ) 2 •H 2 O and from a 1 mol dm Ϫ3 aqueous thiourea solution.
The thiourea spectrum is characterized by bands arising from skeletal deformation/C-S stretch at 490 cm Ϫ1 and C ϭ S stretch at 743 cm
. 3 The spectrum from the copper thiourea sulfate crystal displays bands due to sulfate symmetrical stretch ͑977 cm
͒, and CuS stretch ͑252 cm Ϫ1 ͒.
11 The CϭS vibration observed with thiourea itself is absent in the complex because the sulfur atoms of thiourea are now bonded to copper atoms. The SERS spectrum from the copper electrode shows that the surface species formed on copper is not thiourea itself, but is similar to that for the copper thiourea complex. All the bands observed from the complex appear in the SERS spectrum, but some are blue-shifted by ϳ10 cm Ϫ1 . There is also a hydrogen sulfate band at 1055 cm Ϫ1 , apparent in the SERS spectrum in Fig. 5 , and this indicates that hydrogen sulfate as well as sulfate can be involved in complex formation at the copper surface. Brown et al. 3 found that the relative intensity of the hydrogen sulfate band to the other bands decreased with increase in thiourea concentration, whereas that from sulfate increased.
Brown and Hope 10 applied in situ SERS spectroscopy to investigate the influence of chloride ion on the co-adsorption of thiourea and sulfate ions in sulfuric acid solution at the concentration levels used in the electrorefining of copper. They found chloride also to co-adsorb and that adsorption of the halide was favored at low negative potentials. The presence of the chloride in solution at low concentrations was also found to result in enhancement of the adsorption of thiourea and sulfate. Furthermore, the adsorption of chloride at the copper electrode altered the molecular structure of the inter- face due to an interaction with co-adsorbed thiourea and sulfate species at the electrode surface. Brown and Hope 10 considered that the chloride interacts with the nitrogen-containing groups of the thiourea molecule adsorbed at the electrode surface as evidenced by changes in band shape and intensity for the NH 2 torsion and C-N stretching vibrational modes. In this manner, the adsorption of chloride results in a rearrangement or alteration of the molecular structure at the electrode surface that is observed by changes in signal intensity for the various vibrational bands associated with the adsorption of thiourea, sulfate, and chloride at the electrode surface. These finding are consistent with adsorption of the organic molecule on the copper electrode occurring by co-ordination with the sulfur atom.
Conclusions
SERS investigations carried out in real time corroborate the conclusions made in previous reports by Hope and co-workers, [1] [2] [3] 5, [10] [11] [12] on the characteristics of the interactions of copper electrodes with the electrolyte used in copper electrodeposition circuits, sulfuric acid, and the common additives thiourea and chloride, except for the adsorption of sulfate in the absence of thiourea. It is now shown that, in these circumstances, sulfate is a transient adsorbed species associated with the copper electrodeposition process. SERS spectra indicate that each adsorbed SO 4 is sited with three oxygen atoms close to surface copper atoms with the fourth vertically above the surface. Because transient sulfate adsorption appears not to have been recognized previously; the question arises as to whether other literature reports of sulfate adsorption result from copper being plated from traces of the metal in solution rather than an equilibrium copper surface.
The transient adsorbed sulfate is displaced by chloride when this halide is present in solution.
Nitrate ions were found to be specifically adsorbed on copper surfaces in nitric acid solutions. When copper ions were present at the interface, a shifted nitrate stretch band was also observed and this is assigned to transient adsorption on freshly deposited copper. 
